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(57) ABSTRACT

A detection apparatus includes conversion elements and
switch elements disposed below the conversion elements;
insulating layers are disposed between the conversion ele-
ments and switch elements. Each conversion element
includes a first electrode corresponding to a switch element. A
second electrode extends over the plurality of conversion
clements; and a semiconductor layer formed between the first
clectrodes and the second electrode extends over the plurality
of conversion elements. Insulating layers include first regions
located immediately below the first electrodes and a second
region located between the first regions. A third electrode 1s
disposed 1n the second region and between the insulating
layers. The third electrode 1s supplied with a potential that sets
a potential of a part where the second region 1s in contact with

the semiconductor layer to a value between a potential of the
second electrode and a potential of the first electrode.

7 Claims, 5 Drawing Sheets
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DETECTION APPARATUS AND RADIATION
DETECTION SYSTEM

BACKGROUND OF THE

INVENTION

1. Field of the Invention

The present invention relates to a detection apparatus and a
radiation detection system applicable to a medical diagnostic
imaging apparatus, a non-destructive testing apparatus, an
analysis apparatus using radiation, or the like.

2. Description of the Related Art

In recent years, thin-film semiconductor production tech-
nology has been used 1n a detection apparatus or a radiation
detection apparatus realized by a combination of a switch
clement such as a TFT (Thin-Film Transistor) and a conver-
sion element such as a photoelectric conversion element.

As a proposal for a structure that allows an increase 1n
sensitivity of a detection apparatus by increasing an aperture
ratio of a conversion element, U.S. Pat. No. 5,619,033 dis-
closes a pixel with a stacked structure 1n which a conversion
clement 1s disposed above a switch element. U.S. Pat. No.
5,619,033 also discloses a pixel with a stacked structure 1n
which an electrode of a conversion element electrically con-
nected to a switch element 1s divided such that each pixel has
its own electrode (hereinafter, such an electrode will be
referred to as an individual electrode), while a semiconductor
layer and an opposing electrode of the conversion element
extend over a plurality of pixels without being separated.

However, 1n the structure disclosed 1n U.S. Pat. No. 5,619,
033, 11 the space between the individual electrodes 1s reduced
to achieve a large aperture ratio and a small pixel pitch,
charges collected by adjacent pixels can interfere with each
other, which can degrade a characteristic such as a spatial
resolution. In view of the above, Japanese Unexamined Util-
ity Model Registration Application Publication No.
0°7-032968 discloses a technique 1n which a dummy electrode
1s disposed between individual electrodes of adjacent conver-
sion elements and the dummy electrode 1s maintained at a
particular potential to attract a charge generated 1n a region
between adjacent pixels.

However, 1f a dummy electrode 1s disposed between 1ndi-
vidual electrodes of adjacent conversion elements as in the
technique 1n Japanese Unexamined Utility Model Registra-
tion Application Publication No. 07-032968, the result 1s an
increase in the distance between adjacent individual elec-
trodes. This can 1n effect cause a reduction 1n the aperture
ratio of the detection apparatus. Furthermore, in the tech-
niques disclosed in U.S. Pat. No. 5,619,033 and Japanese
Unexamined Utility Model Registration Application Publica-
tion No. 07-032968, the increase 1n the distance between
individual electrodes makes 1t difficult for the individual elec-
trodes to absorb electric charges generated 1n a semiconduc-
tor layer 1n a region between the individual electrodes, and
thus the semiconductor layer in such a region between the
individual electrodes functions as a dead region 1n which no
charge can be generated, which makes it difficult to increase
the overall sensitivity of the detection apparatus.

SUMMARY OF THE INVENTION

In an aspect, the present mvention provides a detection
apparatus comprising a set of a plurality of conversion ele-
ments disposed in the form of a matrix on a substrate, a set of
a plurality of switch elements corresponding to the respective
conversion elements and disposed 1n the form of a matrix
between the substrate and the conversion elements, and a set
of a plurality of insulating layers disposed between the set of
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2

the conversion elements and the set of the switch elements.
Each conversion elements includes a corresponding one of a
plurality of first electrodes that are separated from each other
and that are connected to the respective switch elements 1n a
one-to-one manner. Each conversion element further includes
a second electrode extending over the plurality of conversion
clements and a semiconductor layer formed between the first
clectrodes and the second electrode that extends over the
plurality of conversion elements. The set of the plurality of
isulating layers includes a plurality of first regions located
immediately below the respective first electrodes and also
includes a second region located between the first regions. A
third electrode 1s disposed between the plurality of insulating
layer 1in each second region and the third electrode 1s supplied
with a potential that provides a potential of a part where the
second region of the plurality of insulating layers 1s in contact
with the semiconductor layer such that the potential of the
part 1s set to be between a potential of the second electrode
and a potential of the first electrode.

Advantageously, the detection apparatus with the stacked
structure according to the embodiments of the present inven-
tion provides a high sensitivity and a high spatial resolution.

Further features of the present mvention will become
apparent from the following description ol exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, and 1C are, respectively, a plan view, a
cross-sectional view, and an enlarged cross-sectional view of
a pixel of a detection apparatus according to an embodiment
of the present invention.

FIGS. 2A and 2B are enlarged cross-sectional views and
associated potential gradient diagrams of a detection appara-
tus according to an embodiment of the present invention.

FIGS. 3A and 3B are a plan view and an enlarged cross-
sectional view of a pixel of a detection apparatus according to
an embodiment of the present invention.

FIGS. 4A and 4B are a cross-sectional view and an
enlarged cross-sectional view of a pixel of a detection appa-
ratus according to an embodiment of the present mnvention.

FIG. 515 a schematic diagram 1llustrating a radiation detec-
tion system according to an embodiment of the present inven-
tion.

DESCRIPTION OF THE EMBODIMENTS

The present mvention 1s described 1n detail below with
reference to embodiments in conjunction with the accompa-
nying drawings.

In the present description, the term “radiation™ 1s used to
describe various kinds of radiations including particle beams
such as an alpha ray, a beta ray, a gamma ray, etc. radiated via
radioactive decay, and other beams with high energy similar
to that of particle beams. For example, an X-ray, a cosmic ray,
etc., also fall 1n the scope of radiation. Furthermore, in the
present description, a conversion element refers to a semicon-
ductor device configured to convert radiation or light into an
clectric signal.

First Embodiment

First, a first embodiment of the present invention 1s
described. In a detection apparatus according to the first
embodiment of the present invention, as can be seen from
FIG. 1A showing a plan view and FIG. 1B showing a cross-
sectional view taken along line IB-IB of FIG. 1A, a plurality
of pixels P are disposed adjacent to each other 1n the form of
a matrix of rows and columns on a substrate 100 having an
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insulating surface (hereinafter, the substrate 100 1s also
referred to as an insulating substrate). Each pixel P on the
substrate includes a conversion element including a second
semiconductor layer 111 disposed between a fourth conduc-
tive layer 109 serving as a first electrode 1 and a fifth conduc-
tive layer 113 serving as a second electrode. In the present
embodiment, each pixel further includes a switch element 2
that 1s disposed between the substrate 100 and the first elec-
trode 1 of the conversion element. The switch element 2 1s
clectrically connected to the first electrode 1. That 1s, a plu-
rality of conversion elements and a plurality of switch ele-
ments (the switch elements disposed between the nsulating,
substrate 100 and corresponding conversion elements) are
respectively arranged 1n the form of a matrix on the mnsulating,
substrate 100. The switch elements 2 are disposed such that
the switch elements correspond 1n a one-to-one manner to the
conversion elements. Each conversion element includes a
first electrode 1 (formed by the fourth conductive layer 109)
that 1s connected a corresponding switch element 2. Each of
the conversion elements includes a corresponding one of the
first electrodes 1 connected, with a one-to-one correspon-
dence, to the respective switch elements 2. A second electrode
(formed by the fifth conductive layer 113) extends over the
plurality of conversion elements; and a semiconductor layer
111 formed between first electrodes 1 and the second elec-
trode extends over the plurality of conversion elements.

In the present embodiment, a thin film transistor (herein-
after, referred to as a TFT) 1s used as an example of a switch
clement. Each switch element 2 1s electrically connected to a
signal line 4 formed by a second conductive layer 105. The
TFT includes a first conductive layer 101, a first insulating
layer 102, a first semiconductor layer 103, a first impurity
semiconductor layer 104 of a first conductivity type, and a
second conductive layer 105, which are formed on the insu-
lating substrate (substrate 100).

In each switch element 2, the first conductive layer 101 1s
used as a control electrode. The first insulating layer 102 1s
used as a gate insulating film. The first semiconductor layer
103 1s used as a channel. The first impurity semiconductor
layer 104 1s used as an ohmic contact layer. The second
conductive layer 105 1s used as a first or second main elec-
trode (a source electrode or a drain electrode). The control
clectrode of the TFT 1s electrically connected to the control
line 3 realized by the first conductive layer 101. In a case
where the detection apparatus according to the present
embodiment 1s a radiation detection apparatus and includes
an 1ndirect-type conversion element (photoelectric conver-
sion element) as a conversion element for converting light to
a charge, a wavelength conversion element (not shown) for
converting radiation into light 1s disposed at a location further
away Irom the insulating substrate 100 than the fourth 1nsu-
lating layer 114.

In a case where the conversion element 1s a direct-type
conversion element that directly converts a radiation into an
clectrical charge, no additional wavelength conversion ele-
ment 1s required. In this case, a compound semiconductor
material such as amorphous selentum may be used as a mate-
rial for the second semiconductor layer 111.

Note that 1n the present embodiment, an example of the
conversion element1s a PIN-type photodiode. In this case, the
conversion element includes a second impurity semiconduc-
tor layer 110 of a first conductivity type (n type) between the
fourth conductive layer 109 and the second semiconductor
layer 111, and further includes a third impurity semiconduc-
tor layer 112 of a second conductivity type (p type) opposite
to the first conductivity type between the fifth conductive
layer 113 and the second semiconductor layer 111.
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Note that the fourth conductive layer 109 serving as the
first electrode 1 and the second impurity semiconductor layer
110 are divided into parts corresponding to the respective
pixels, while the second semiconductor layer 111, the third
impurity semiconductor layer 112, and the fifth conductive
layer 113 extend over a plurality of pixels. By employing the
structure described above, 1t becomes possible to achieve a
high aperture ratio for the conversion element, which makes
it possible for the detection apparatus to have an enhanced
sensitivity.

A plurality of insulating layers are disposed as an insulat-
ing element between the fourth conductive layer 109 serving
as the first electrode 1 of the conversion element and the
second conductive layer 105 serving as the first or second
main electrode on the top of the switch element 2. More
specifically, 1n the present embodiment, a second 1nsulating
layer 106 and a third insulating layer 108 are disposed as the
plurality of imnsulating layers between the second conductive
layer 105 and the fourth conductive layer 109. The insulating
clement 1ncludes a plurality of first regions located immedi-
ately below the plurality of first electrodes 1 and a second
region located between adjacent first regions. Between the
plurality ofinsulating layers of the insulating element, there 1s
provided a third conductive layer 107 used as a contact for
clectrically connecting the second conductive layer 105 serv-
ing as the first or second main electrode of the switch element
2 to the fourth conductive layer 109 serving as the first elec-
trode 1.

In the second region of the nsulating element, the third
conductive layer 107 located between two adjacent insulating
layers of the plurality of insulating layers of the isulating
clement 1s used as a pixel 1solation electrode 5 to which a
particular potential 1s supplied. Note that the pixel 1solation
clectrode 5 corresponds to the third electrode in the aspect
according to the invention.

Applying a particular potential to the pixel isolation elec-
trode 5 causes the potential of a part (interface) between the
second region of the msulating element and the second semi-
conductor layer 111 to be set, at least 1n a partial area thereof,
to be closer to a potential of the fifth conductive layer 113
serving as the second electrode than a reference potential of
the first electrode 1 1s to the potential of the fifth conductive
layer 113. Note that hereinafter, the area between the second
region ol the insulating element and the second semiconduc-
tor layer 111 will be referred to as an interface. That 1s, the
interface between the second region of the insulating element
and the second semiconductor layer 111 is set, at least 1n a

partial area thereof, to have a potential between the potential
of the fifth conductive layer 113 and the potential of the first
clectrode 1.

The reference potential 1s supplied from a reading circuit
(not shown) when the switch element turns on and the con-
version element 1s electrically connected to the reading cir-
cuit via the signal line 4. That 1s, the reference potential 1s the
potential that the first electrode 1 has at a time at which the
accumulation state starts. Note that the potential of the first
clectrode 1 changes due to the accumulation of the electric
charge by the conversion element in response to the incidence
thereupon of radiation or light.

Note that 1n the present embodiment, the PIN type photo-
diode 1s used as the conversion element and 1s reversely
biased such that a potential of the first electrode (the fourth
conductive layer 109) 1s higher than the potential of the fifth
conductive layer 113 serving as the second electrode. There-
fore, when electrons move to the first electrode 1 as a result of
the accumulation, the potential of the first electrode 1
decreases toward the potential of the fifth conductive layer
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113. It the conversion element 1s not saturated, the potential of
the first electrode 1 does not reach the potential of the fifth
conductive layer 113. The bias applied to the conversion
clement 1s generally set taking 1nto the account of a predicted
amount of incident radiation or light such that no saturation
occurs 1n the conversion element.

In the present embodiment, the potential of the interface 1s
to satisty the above-described condition at least in a partial
area of the mterface even when the conversion element 1s 1n
the accumulation state.

By realizing the pixel 1solation electrode 5 by the conduc-
tive layer that 1s different from the fourth conductive layer 109
serving as the first electrode 1 and that 1s disposed between
the plurality of insulating layers, it 1s possible to reduce the
distance of the space between first electrodes 1 of adjacent
pixels. In this structure, even in regions between first elec-
trodes 1 of adjacent pixels, the second semiconductor layer
111 can recerve an influence of an electric field generated
between the first electrodes 1 (the fourth conductive layer
109) and the second electrode (the fifth conductive layer 113),
and thus 1t 1s possible to generate a charge 1n these regions 1n
response to the mcidence thereupon of radiation or light.

In this structure, even when the distance between first
clectrodes 1 of adjacent pixels 1s not reduced, the electrical
potential of the pixel 1solation electrode 5 causes an electric
field generated between the first electrodes 1 (the fourth con-
ductive layer 109) and the second electrode (the fifth conduc-
tive layer 113) to expand, and thus charges are also generated
in response to radiation or light in the semiconductor layer 1in
the region 1n which the electric field expands. The generation
of charges 1n such regions results 1n an effective increase 1n
aperture ratio, which results 1n an increase 1n the overall
sensitivity of the detection apparatus.

Furthermore, a potential gradient occurs between the
potential of the first electrode 1 and the potential of the at least
partial region of the interface, and this potential gradient
causes carriers to move towards the first electrode 1 and not
towards the interface. Such a potential gradient produced by
the potential of the mterface 1n the region between the first
clectrodes 1 of adjacent pixels prevents carriers of a first type
(electrons) generated 1n the conversion element of each pixel
from moving to the first electrode of the adjacent pixel, even
in the structure i which the second semiconductor layer 111
1s disposed such that 1t extends over the plurality of pixels.

Furthermore, because the potential of the at least partial
region ol the interface 1s between the potential of the fifth
conductive layer 113 and the potential of the first electrode 1,
carriers of a second type (holes) move to the fifth conductive
layer 113 while the carriers of the first type (electrons) move
to the first electrode 1. This suppresses the accumulation of
the carriers of the first and the second types at the interface of
the second semiconductor layer 111 and the third conductive

ayer 107.

Next, referring to FIG. 1C 1llustrating an enlarged view of
a part IC-IC of FIG. 1B, an explanation 1s given below as to
the particular potential to be applied to the pixel 1solation
clectrode 5.

In FIG. 1C, t denotes the film thickness of the second
semiconductor layer 111, and d denotes the film thickness of
the third msulating layer 108 disposed between the second
semiconductor layer 111 and the third conductive layer 107
serving as the pixel 1solation electrode 5. Let €1 denote the
dielectric constant of the second semiconductor layer 111 and
let €2 denote the dielectric constant of the third isulating
layer 108. Furthermore, let 1t be assumed that when the accu-
mulation state starts in the conversion element, the potential
of the fifth conductive layer 113 serving as the second elec-
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6

trode 1s V1 and the potential supplied to the pixel 1solation
clectrode 5 (the third conductive layer 107)1s V2. In this case,
the potential Vi of at least a partial area of the interface of the
second semiconductor layer 111 and the third insulating layer
108 1s given by equation (A) shown below.

(e /nV + (e /d)V; (A)

" (e /d) + (e /D)

I1 the potential V11s equal to a reference potential Vx that 1s
the potential that the first electrode 1 has when the accumu-
lation state starts 1n the conversion element, or 1f a difference
between the potential Vi1 and the potential V1 of the second
clectrode 1s greater than a difference between the reference
potential Vx and the potential V1 (1.e., if IVI-V1[>|Vx-V1I,

then the carriers of the first type (electrons) generated 1n the
second semiconductor layer between the edge of the first
clectrode 1 and the second electrode are attracted to the inter-
face. As a result, the carriers of the first type (electrons) are
accumulated at the interface 1n the region between the first
clectrodes 1 of adjacent pixels. This causes the potential of the
interface to change. As a result, the dead region of the second
semiconductor layer between the interface and the second
clectrode 1ncreases.

In view of the above, the potential Vi of the interface 1s set
to be closer to the potential V1 of the second electrode than
the reference potential VX of the first electrode 1 1s to the
potential V1 such that the carriers of the first type are attracted
to the first electrode 1. That 1s, the potential Vi 1s set such that
a following condition 1s satisfied.

V1-Vil<IV1-Vx|where|Vi- Vx|=0

As aresult ol the setting o1 V1 1n the above-described manner,
a potential gradient appears between the surface the first
clectrode 1 and the interface as shown 1n FIG. 2A and thus the
carriers move not to the interface but to the first electrode 1.
This prevents the carriers of the first type (electrons) gener-
ated 1 the conversion element of a particular pixel from
moving toward the first electrode of a pixel adjacent to the
pixel of interest.

I1 the potential Vi1 of the interface 1s equal to the potential
V1 of the second electrode, then there 1s no potential differ-
ence between them, 1.e., IV1-Vi|=0. Therefore, 1n a case
where the distance between the adjacent first electrodes 1s
large, a dead region can occur 1n the second semiconductor
layer 111 between the adjacent first electrodes.

In a case where the potential Vi1 of the iterface 1s more
different from the reference potential Vx of the first electrode
1 than from the potential V1 of the second electrode, the
carriers of the second type (holes) generated 1n the second
semiconductor layer 1n a region between the edge of the first
clectrode 1 and the second electrode are attracted to the inter-
face and accumulated at the interface in the area between the
adjacent first electrodes 1. This results 1n an 1ncrease 1n
recombination probability. As a result, a dead region appears.

In view of the above, the potential Vi of the interface 1s set
to be closer to the reference potential Vx of the first electrode
1 than the potential V1 of the second electrode 1s to the
reference potential VX such that the carriers of the second type
are attracted to the second electrode. That 1s, the potential Vi
of the interface 1s set such that IVi-Vx|<|V1-Vx|. In this
state, the particular potential V2 applied to the pixel 1solation
clectrode 5 1s to satisty a condition described by mathemati-

cal expressions (B) to (E) shown below.
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(&1 /DV] + (&2 /d)V (B)
Vi, — Vi -V,
T @y | ST
(e /DV) + (&2 / )V “vlzo (C)
(e2/d)+ (&1 /D) ’
(& / DV + (e /d)V, (D)
L @/ d) + (e /D)
(e1/DV1 +(e2/d)V> (E)
-V Vi—-V
@i+ T

When the particular potential V2 of the pixel 1solation
clectrode 5 satisfies the above condition, the potential Vi of
the interface of the third insulating layer 108 and the second
semiconductor layer 111 1n the area between the adjacent first
clectrodes 1 1s fixed to a value between the reference potential
Vx of the first electrode 1 and the potential V1 of the second
clectrode. As a result, as shown 1n FIG. 2A, a potential gra-
1ent occurs between the potential of the first electrode 1 and
ne potential of the at least partial region the interface such
nat the potential gradient causes the carriers to move to not
ne 1nterface but the first electrode 1. Because the interface 1in
ne area between the adjacent first electrodes 1 has a potential
nat produces such a potential gradient, it 1s possible to pre-
vent the carriers of the first type (electrons) from moving to
the first electrode of the pixel adjacent to the pixel of interest
even 1n the structure in which the second semiconductor layer
111 extends over the plurality of pixels.

In the present embodiment, because the PIN-type photo-
diode 1s used that includes the second impurity semiconduc-
tor layer 110 of the first conductivity type (n type) and the
third 1impurity semiconductor layer 112 of the second con-
ductivity type (p type), the particular potential V2 1s to satisty
a condition (F) shown below.

C
t
t
t
t
t

(e1/DV +(e2/ V>

<V )
(er/d)+ (&1 /D) ’

Vl{

In a case where the second impurity semiconductor layer
110 1s of the second conductivity type (p type) and the third

impurity semiconductor layer 112 1s of the first conductivity
type (n type), the particular potential V2 1s to satisty a fol-
lowing condition.

(e1/ DV + (e2/d)V2
(e2/d)+ (&1 /1)

(F)

V, < <V

This makes 1t possible to obtain a stable potential gradient
between the first electrode 1 and the interface without causing,
an expansion of the dead region 1n the second semiconductor
layer 111 1n the region between the adjacent first electrodes 1,
and thus it becomes possible to improve the sensitivity and the
spatial resolution of the detection apparatus. This 1s also true
for a MIS-type sensor in which an interlayer insulating layer
for completely 1solating carriers of both positive and negative
types 1s used instead of the second impurity semiconductor
layer 110 and an impurity semiconductor layer of the first
conductivity type (n type) 1s used as the third impurity semi-
conductor layer 112.

In a case where the potential of the first electrode 1 changes
from VX to Vy due to a charge generated by radiation or light
incident on the second semiconductor layer 111, 11 the con-
version element 1s not 1 a saturated state, the particular
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8

potential V2 applied to the pixel 1solation electrode 5 1s to
satisly a condition represented by mathematical expressions
(B') to (E') shown below.

-

When the potential of the pixel 1solation electrode S satis-
fies the condition represented by the above mathematical
expressions, even 1 a charge 1s generated only 1n one of two
adjacent pixels, a potential gradient 1s generated as shown 1n
FIG. 2B such that carriers are moved not to the interface but
to the first electrode 1. Because the interface in the area
between the adjacent first electrodes 1 has a potential that
produces such a potential gradient, it 1s possible to prevent the
carriers of the first type (electrons) from moving to the first
clectrode of the pixel adjacent to the pixel of interest even 1n
the structure 1in which the second semiconductor layer 111 1s
provided such that it extends over the plurality of pixels.

In the present embodiment, the PIN-type photodiode 1s
employed that 1s formed using the second impurity semicon-
ductor layer 110 of the first conductivity type (n type) and the
third 1mpurity semiconductor layer 112 of the second con-
ductivity type (p type), and thus the particular potential V2 1s
to satisfy a condition described below by a mathematical
expression (F').

Voo (e1 /DV1 + (&2 /d)V> v
LT @/ D+ (e /D y

(F")

On the other hand, 1n a case where the second impurity
semiconductor layer 110 1s of the second conductivity type (p
type) and the third impurity semiconductor layer 112 1s of the
first conductivity type (n type), the particular potential V2 1s
to satisly a condition described below by a mathematical
expression (F™).

v o< (e1/DV1I +(e2/d)V>
d (e2/d)+ (e /1)

(F!H )

{Vl

This makes 1t possible to obtain a further stable potential
gradient between the first electrode 1 and the mterface with-
out causing an expansion of the dead region in the second
semiconductor layer 111 between the adjacent first electrodes
1, and thus 1t becomes possible to further improve the sensi-
tivity and the spatial resolution of the detection apparatus.

This 1s also true for a MIS-type sensor in which an insu-
lating layer for completely 1solating carriers of both positive
and negative types 1s used instead of the second impurity
semiconductor layer 110 and an impurity semiconductor
layer of the first conductivity type (n type) 1s used as the third
impurity semiconductor layer 112. Note that in the case of the
MIS-type sensor, the carriers of the first type are holes while
the carriers of the second type are electrons.
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Another example of a structure according to the present
embodiment 1s described below with reference to FIGS. 3A
and 3B.

In the previous example, the potential of the interface 1s
controlled by the potential difference between the third con-
ductive layer 107 serving as the pixel 1solation electrode S and
the fifth conductive layer 113 serving as the second electrode.
However, depending on the location and/or the potential of
the pixel 1solation electrode 5 and/or the first electrode 1, the
controlling of the potential of the interface can be influenced
by the potential of the adjacent first electrode 1.

For example, when the distance between first electrodes 1
1s small as 1n an example shown 1n FIGS. 3A and 3B, the
potential Vx of the first electrode 1 reduces the area 1n which
the interface has a potential equal to Vi. In an extreme case,
the interface has no area 1n which the potential 1s equal to V1.
Theretore, the distance S between first electrodes 1 1s to be
determined such that the potential of the iterface 1s equal to
V1 at least 1n a partial area between the electrodes of adjacent
pixels. To reduce the influence of the distance S, the film
thickness d of the third imnsulating layer 108 may be set to be
suificiently smaller than the distance S between first elec-
trodes 1. This makes it possible to easily control the potential
V1 of the interface without being intluenced by the potential
Vx of the first electrode 1.

In the present example of the embodiment, a planarization
layer for planarizing the shape of the third conductive layer
107 1s used as the third insulating layer 108, and the film
thickness d thereof 1s defined by the distance from the top
surface of the third conductive layer 107 to the second semi-
conductor layer 111. This approach may also be employed 1n
a case where the third insulating layer 108 includes a plurality
of msulating layers. The same approach may also be
employed in a case where the insulating layer used as the third
insulating layer does not have planarization capability. An
example of an 1nsulating layer having no planarization capa-
bility 1s an morganic mnsulating layer such as a silicon nitride
insulating layer formed by plasma CVD, sputtering, etc.

In a case where a large amount of radiation or light 1s
converted mto a charge at the surface of the conversion ele-
ment, the radiation or light 1s absorbed on the incident side
with a high probability, and thus the probability 1s low that
carriers are generated 1n the vicinity of the interface opposite
to the incident side. However, 1n a case where the distance
between first electrodes 1 1s large or the potential of the
interface 1s equal to Vi over a large area, there 1s a possibility
that carriers of the first type are accumulated between adja-
cent first electrodes 1.

In such a case, the potential of the pixel 1solation electrode
5 may be changed periodically such that the accumulated
carriers of the first type move toward the first electrode 1 or
the fifth conductive layer 113 serving as the second electrode
to reset the accumulated carriers of the first type. For
example, if the potential of the interface 1n this state 1s V1', the
potential V2' applied to the pixel 1solation electrode 5 1s to be
set such that [Vx-V1'I>IVx-Vil 1s satistied before radiation or
light 1s incident on the detection apparatus and more prefer-
able |[V1-V1|>01s further satisfied. By electrically connecting
a unit having the above-described function to the pixel 1sola-
tion electrode 5 and applying the potential determined in the
above-described manner to the pixel 1solation electrode 5, 1t 1s
possible to reduce a bad influence of a previous 1mage on a
next image. More specifically, for example, an after-image
can be reduced.

Second Embodiment
A second embodiment of the present invention 1s described

below with reterence to FIGS. 4A and 4B.
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In the first embodiment described above, the conversion
clement including the PIN-type photodiode 1s used. In con-
trast, 1n the second embodiment, a MIS-type photosensor 1s
used. In the case of the PIN-type photodiode, the second
impurity semiconductor layer 109 also functions as an elec-
trode, and thus 1t 1s divided into parts corresponding to the
respective pixels. In contrast, in the second embodiment, an
interlayer msulating layer included in the MIS-type photo-
sensor does not function as an electrode, and thus it 1s not
divided 1nto parts corresponding to respective pixels. In the
following description, similar elements to those according to
the first embodiment are denoted by similar reference numer-
als, and a further explanation thereof 1s omitted.

The MIS-type photosensor according to the present
embodiment includes a second semiconductor layer disposed
between a fourth conductive layer 109 serving as the first
clectrode 1 and a fifth conductive layer 113 serving as the
second electrode and also includes an interlayer insulating
layer 110' disposed between the fourth conductive layer 109
and a second semiconductor layer 111. The MIS-type photo-
sensor also includes a second impurity semiconductor layer
112' of a first conductivity type (n type) disposed between the
fifth conductive layer 113 and the second semiconductor
layer 111. Note that the interlayer insulating layer 110" 1s not
divided into parts corresponding to the respective pixels, but
it extends over the plurality of pixels as with the second
semiconductor layer 111.

In FIG. 4B, t1 denotes the film thickness of the second
semiconductor layer 111, and t2 denotes the film thickness of
the interlayer msulating layer 110" disposed between the sec-
ond semiconductor layer 111 and a third conductive layer 107
serving as the pixel isolation electrode 3. Furthermore, d
denotes the film thickness of a third insulating layer 108
disposed between the second semiconductor layer 111 and
the third conductive layer 107 serving as the pixel 1solation
electrode 5. Herein, let €1 denote the dielectric constant of
the second semiconductor layer 111, €2 denote the dielectric
constant of the interlayer insulating layer 110', and €3 denote
the dielectric constant of the third insulating layer 108. Fur-
thermore, let V1 denote the potential of the fifth conductive

layer 113 serving as the second electrode and V2 denote the
particular potential to be applied to the pixel 1solation elec-
trode 5. In this structure, according to the same approach as
that employed 1n the first embodiment, the potential of the at
least partial region of the interface of the second semiconduc-
tor layer 111 and the third mnsulating layer 108 1s set to Vi
satisiying a following condition (G).

((e1/n)ex/n)+ (e /d)e [n)V) + (G)

v _ (e2/0)(e3 [ )V
(e e /) + (e [ 0)es [d) + (&3] d) e 1))

Furthermore, according to the same approach as that
employed 1n the first embodiment, the particular potential V2
applied to the pixel 1solation electrode 5 1s set so as to satisty
a condition described by mathematical expressions (H) to (K)
shown below.

((er/n)e/n)+(e/d)e /n))V + (e /n)es/dVa (H)

V —
1 (e1/1)(&; /1) + (&3 [ )3 [ d) + (g3 [ d)(ey [11)

|Vl - Vxl
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-continued

((er/n)ex/n)+es/d)e [n))V + (e /n)e /dVs
(e1/n)ex/n)+ (e /n)es/d)+(e3/d)e /1)

(I

— V| %0

(1)

((er/n)ex/n)+(e3/d)e /n))Vi + (&2 /1) (e3 /a’)Vz‘

V, —
‘ : (&1 /1)(e2/02) + (&2 /12)(e3 [d) + (&3 /d)(ey [ 1)

(K)

(ley/n)ea/n) + (e /d) ey [1))VI+ (&2 /n)es [V,
‘ (e1/n)ex/n)+(e2/n)es/d)+(e3/d)e /) ’

|Vl - Vxl

In the present embodiment, the MIS-type photosensor
described above 1s used, and thus the particular potential V2
1s to satisty a condition described 1n a mathematical expres-
sion (L) shown below.

((er/n)e/n)+ (e /d)e /n))V + (e /n)es/d)Va (L)
Vi < <V

(er/n)ex/n)+ e /n)es/d)+ (e /d)e /1)

This makes 1t possible to obtain a stable potential gradient
between the first electrode 1 and the interface without causing
an expansion of the dead region 1n the second semiconductor
layer 111 between the adjacent first electrodes 1, and thus 1t
becomes possible to improve the sensitivity and the spatial
resolution of the detection apparatus. In a case where the
potential of the first electrode 1 changes from Vx to Vy due to
a charge generated by radiation or light incident on the second
semiconductor layer 111, if the conversion element 1s not in a
saturated state, the particular potential V2 applied to the pixel
1solation electrode 5 1s to satisiy a condition represented by
mathematical expressions (H') to (K') shown below.

-~ (er/n)&/n)+ (&3 /d)e [V + (&2 /n)E3 [ d)Vs p (H')

(e1/n)er/n)+(e/nies/d)+(s/d)e /1)

Vi

|Vl _Vyl

((er/n)ex/n)+es/d)e /u)Vi + (& /n)e /dVs
(e1/n)er/n)+(ep/n)es/d)+(e3/d)e /1)

(I')

-V, #0

- ((er/n)er/n)+ (83 /d) e [1)V) + (&2/1)(e3/d)V) (J")

(e1/n)e/n)+ex/nies/d)+ (e /d)e /1)

Vi

(ley/n)er/n)+ (e /d) e /1))V + (&2 /n)es [dVy (K")

(e1/n)er/n)+(ep/n)es/d)+(e3/d)e /1) d

|Vl _Vyl

When the potential of the pixel 1solation electrode 5 satis-
fies the condition represented by the above mathematical
expressions, even 1f a charge 1s generated only 1n one of two
adjacent pixels, a potential gradient 1s generated such that
carriers are moved not to the interface but to the first electrode
1. Such a potential gradient along the interface 1n the region
between the adjacent first electrodes 1 makes 1t possible to
prevent the carriers of the first type (holes) from moving to the
first electrode of the adjacent pixel even in the structure 1n
which the second semiconductor layer 111 1s provided such
that 1t extends over the plurality of pixels. More specifically,
in the present embodiment, the MIS-type photosensor
described above 1s used, and thus the particular potential V2
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1s to satisty a condition described 1n a mathematical expres-
sion (L") shown below.

(er/n)ex/n)+ (e /d)er /u)Vi+ (e /) es [d)Va
V, < < V]

(1 /n)ex/n)+(e/n)es/d)+ (e /d)e /n)

(L")

This makes 1t possible to obtain a further stable potential
gradient between the first electrode 1 and the interface with-
out causing an expansion of the dead region in the second
semiconductor layer 111 between the adjacent first electrodes
1, and thus it becomes possible to further improve the sensi-
tivity and the spatial resolution of the detection apparatus.
Third Embodiment

Referring to FIG. 5, a radiation detection system using a
detection apparatus according to an embodiment of the
present invention 1s described below. Radiation 6060 gener-
ated by a radiation source 6050 passes through a chest 6062 of
a patient or a subject 6061 and 1s 1ncident on the detection
apparatus 6040 according to the present embodiment of the
invention. The incident radiation includes information on the
inside of the body of the patient 6061. In response to the
incident radiation, a scintillator (wavelength conversion ele-
ment) 1n the detection apparatus 6040 emaits light. The emitted
light 1s converted into electric information. The electric infor-
mation 1s converted into a digital signal and 1s subjected to
image processing by an 1mage processor 6070 serving as a
signal processing unit. A resultant image 1s displayed on a
display 6080 serving as a display unit installed in a control
room. The obtained information may be transierred to a
remote location by a transmitting unit via a telephone line
6090 or the like. The information may be displayed on a
display 6081 serving as a display unit installed in a doctor
room at the remote location or it may be stored 1n a storage
medium such as an optical disk. This allows a doctor at the
remote location to make a diagnosis. The information may be
recorded on a film 6110 serving as a recording medium by a
film processor 6100 serving as a recording unit.

While the present invention has been described with refer-
ence to exemplary embodiments, it 1s to be understood that
the mvention 1s not limited to the disclosed exemplary
embodiments. The scope of the following claims 1s to be
accorded the broadest mterpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2010-260522 filed Nov. 22, 2010, which 1s
hereby incorporated by reference herein in 1ts entirety.

What 1s claimed 1s:

1. A detection apparatus comprising:

a plurality of conversion elements disposed 1n the form of
a matrix on a substrate, wherein the conversion elements
include a plurality of first electrodes corresponding to
the respective conversion elements and separated away
from each other, a second electrode extending over the
plurality of conversion elements, and a semiconductor
layer formed between the plurality of first electrodes and
the second electrode extending over the plurality of con-
version elements;

a plurality of switch elements connected 1n a one-to-one
manner to the respective first electrodes and disposed 1n
the form of a matrix between the substrate and the plu-
rality of conversion elements;

a plurality of msulating layers disposed between the plu-
rality of conversion elements and the plurality of switch
clements, wherein the plurality of insulating layers
include a plurality of first regions located immediately
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below the respective first electrodes and also includes a
second region located between the first regions; and
a third electrode supplied with a potential that sets a poten-

tial of a part where the second region of the plurality of
insulating layers 1s in contact with the semiconductor
layer such that the potential of the part 1s between a
potential of the second electrode and a potential of the
first electrode,

wherein the third electrode 1s disposed 1n the second region
and between adjacent two 1nsulating layers of the plu-
rality of msulating layers.

2. The detection apparatus according to claim 1, wherein

when an accumulation state starts in one of the conversion
clements, the potential supplied to the third electrode satisties
a condition described by following mathematical expres-
$101S,

e /DVL+ (e /d)Vy
(e2/d) + (&1 /1)

g1 /nDVi+(ex/ad)V

( 1(;)/ 5 +((;//3 S|

(& / DV + (e /d)V,
(e2/d) + (e1/1)

(e1/DV] +(82/d)V;

(&2 +d) + (g /1)

Vl "‘:lvl _Vxl

Vi + ()

_Vx {lvl_vxl

where V2 denotes the potential supplied to the third elec-
trode, V1 denotes a potential supplied to the second
clectrode, VX denotes a reference potential of the first
electrodes, €1 denotes a dielectric constant of the semi-
conductor layer, t denotes a film thickness of the semi-
conductor layer, €2 denotes a dielectric constant of an
insulating layer that 1s one of the plurality of msulating
layers and that 1s located between the semiconductor
layer and the third electrode, and d denotes a film thick-
ness of the isulating layer that 1s one of the plurality of
insulating layers and that 1s located between the semi-
conductor layer and the third electrode.

3. The detection apparatus according to claim 2, wherein

cach of the switch elements includes a first impurity semi-
conductor layer of an n type,

cach of the conversion elements further includes a second
impurity semiconductor layer of the n type disposed
between a corresponding one of the first electrodes and
the semiconductor layer, and includes a third impurity
semiconductor layer of a p type disposed between the
semiconductor layer and the second electrode, and

the potential V2 supplied to the third electrode satisfies a
condition described by a following mathematical
eXpression,

Voo (e1/DV +(e2/ D)V, Y
LT (e d) (e /D) *

4. The detection apparatus according to claim 2, wherein

cach of the switch elements includes a first impurity semi-
conductor layer of an n type,

cach of the conversion elements further includes a second
impurity semiconductor layer of a p type disposed
between a corresponding one of the first electrodes and
the semiconductor layer and a third impurity semicon-
ductor layer of the n type disposed between the semi-
conductor layer and the second electrode,
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and wherein the potential V2 supplied to the third electrode
satisfies a following condition described by following
mathematical expressions,

v < (e1/DV1 +(e2/d)V>
! (e2/d)+ (&1 /D)

5. The detection apparatus according to claim 2, wherein

cach of the switch elements includes a first impurity semi-
conductor layer of an n type,

cach of the conversion elements further includes an inter-
layer insulating layer divided into parts corresponding to
the respective pixels and disposed between a corre-
sponding one of the first electrodes and the semiconduc-
tor layer, and a third impurity semiconductor layer of the

n type disposed between the semiconductor layer and
the second electrode,

and wherein the potential V2 supplied to the third electrode
satisfies a following condition described by following
mathematical expressions,

v < (e1/DV1I +(e2/d)V>
! (e2/d)+ (a1 /D)

6. The detection apparatus according to claim 1, wherein

cach of the switch elements includes a first impurity semi-
conductor layer of an n type,

cach of the conversion elements further includes an inter-
layer msulating layer extending between the semicon-
ductor layer and the first electrodes over the plurality of
pixels and also includes a third impurity semiconductor
layer of the n type disposed between the semiconductor
layer and the second electrode,

and wherein the potential supplied to the third electrode
satisfies a following condition described by following
mathematical expressions,

~(er/n)e/n)+ (& /d)er/n))Vi+(e2/n)e/d)V,

V-V,
(e1 /12 /) + (&2 /) es [d) + (g3 /d)er /1) <V |

Vil £ 0

Vi

(e1/n)e2/n)+(s3/d)e/n)Vi + (&2 /n)e/d)Vy

(e1/n)ex/n)+(ep/n)es/d)+ (e /d)(e /1) ’

s [h)&/n)+(s/d)e [0V + (& /n)es/d)V;

0
e /e 1) + & /) [ d) + (& fd) e fa) |

Vx < |Vl - Vxl

V
S T e /(e [0) + (53 [ 12)(es [ ) + (&3 [ d)er /1)

(er/n)e/n)+(s/d)es/d)+(e3/d) e /1)
((e1/n)e/n)+(s/d)e [n)V + e/ p)es [ d)V, y

where V2 denotes the potential supplied to the third elec-
trode, V1 denotes a potential supplied to the second
clectrode, VX denotes a reference potential supplied to
the first electrode, €1 denotes a dielectric constant of the
semiconductor layer, t1 denotes a film thickness of the
semiconductor layer, €2 denotes a dielectric constant of
the interlayer msulating layer, 12 denotes a film thick-
ness of the interlayer imsulating layer, €3 denotes a
dielectric constant of an insulating layer that 1s one of the
plurality of insulating layers and that 1s disposed
between the semiconductor layer and the third electrode,
and d denotes a film thickness of the insulating layer that
1s one ol the plurality of insulating layers and that 1s
disposed between the semiconductor layer and the third
clectrode.
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7. A radiation detection system comprising;:

the detection apparatus according to claim 1;

a signal processing unit configured to process a signal from
the detection apparatus;

a storage unit configured to store a signal from the signal
processing unit;

a display unit configured to display the signal from the
signal processing unit;

a transmission unit configured to transmit the signal from
the signal processing unit; and

a radiation source configured to generate radiation.
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